S U M M A R Y Earthquakes in oceanic areas are normally located using traveltime tables which are representative of continental paths, since most seismic stations lie on continents. It should therefore be possible to improve such locations by employing a set of traveltimes more appropriate to paths from oceanic events to continental stations.
INTRODUCTION
Most current methods for the location of teleseisms are based on the use of traveltime tables which correspond to velocity models which have a distinctly continental character for their uppermost structure. The commonly used tables of Jeffreys & Bullen (1940) are based on a model for regional distances derived from a combination of Japanese and European events. The 1968 P-tables (Herrin 1968 ) have a structure designed to be representative of the central United States. The new IASPEI 1991 tables described by Kennett & Engdahl (1991) also include a continental crustal and uppermost mantle structure to reflect the fact the overwhelming majority of seismological stations are sited on continents.
However, a large fraction of the world's earthquakes occur in the major subduction zones around the Pacific with epicentres lying in oceanic regions or beneath island arc structures for which a continental model would not be appropriate. Further, even for events on the continents, any average continental model will not give a good representation of the regional structure and there can be significant deviations in traveltimes from the global average at short distances. Jeffreys (1970, section 3.19) recognized the need for the establishment of traveltime tables to reflect the character of different source regions and with collaborators began the process of constructing such tables (see e.g. Gogna, Jeffreys & Shimshoni 1980) .
There are significant differences in the recorded times for the main seismic phases at regional distances (less than 25") for different parts of the world. However, the influence of such variations on the mislocation of events for which both regional and teleseismic information is is less clear.
In this paper we consider a number of events in oceanic or marginal regions and look at the influence of different assumptions for the regional velocity structure on the location. Although the choice of modified traveltime tables will move the position of the estimated hypocentre, a comparable shift in the location can be induced by modifying the criterion used to determine the convergence of the location scheme. The influence of the distant readings tends to pin the estimated epicentre and reduces the influence of the regional readings. However, both the origin time and depth can be sensitive to the choice of regional model.
REGIONAL M O D E L S
The shallower part of the imp91 model of Kennett & Engdahl (1991) was constructed with a continental crust to fit summary traveltimes for distances out to 30" and provides a reasonable global average for P but is probably biased somewhat towards a tectonic model for S. This arises because the distribution of seismographic stations reporting S is concentrated in areas with earthquakes. A comparison model pac91 designed to be representative of events in a oceanic environment was constructed from the smoothed observations for nuclear explosions in the Pacific (Gogna 1967) and observations for S from Pacific earthquakes reported by Lapwood & Gogna (1970) . The style of parametrization closely followed that of iasp91. A compromise between an oceanic and a continental crust with a thickness of 20 km was adopted to allow for the fact that most regional observations of oceanic events are made at continental stations. However, this choice has the effect that the times for surface reflected phases for oceanic events, such as p P , will not have a significantly better representation than for a continental model. pac91 does not allow the separation of p P arrivals from p w P phases with reflection at the water surface. Beneath the crust, the depths of possible velocity discontinuities were constrained to lie at the same levels as in imp91 (120, 210,410, 660 and 760 km) ; below 760 km the imp91 model was adopted. The procedure for matching the pac91 upper mantle model to the imp91 lower mantle model followed the method outlined in appendix D of Kennett & Engdahl (1991) so that there was a close match between the tau(p) response of the pac91 and imp91 models for slownesses smaller than any in the upper mantle spans for P and S. As a result the teleseismic times for imp91 and pac91 are very close with differences less than 0.3s over the distance range between 30" and 90". The velocity distribution for pac91 is presented in Table 1 to a depth of 760 km, below that depth the parameters used are identical to imp91.
The relatively sparse data at short distances from the oceanic events meant that it proved possible to give an adequate representation of the traveltime behaviour without introducing a low-velocity zone for either P or S into the pac91 model (Fig. 1) . Although this will undoubtedly represent an oversimplification of the actual upper mantle structure beneath oceanic regions, it should be recalled that the purpose of the model is for traveltime generation rather than direct physical veracity. An advantage of the absence of low-velocity zones is that there are no difficulties with shadow zones for sources at any depth. The principal differences in the P-wave velocity distribution between imp91 and pac91 occur above 410 km. For S. in order to achieve a reasonable match to the teleseismic times predicted from the imp91 model, an increase the S velocity between 410 and 660km needed to be somewhat higher than in imp91. The P times predicted by the pac91 model are systematically earlier than iasp91 out to 18" (principally due to the reduced crustal delays) and then grade into the imp91 times (Fig. 2) . For S, the traveltimes for pac91 are again earlier and the differences in the times persist to 24" with the largest differences (around 8 s) occurring close to 20".
LOCATION PROCEDURE
Once we start to compare the results for locations in different earth models it is appropriate to look also at the criteria used for location, so that we can assess the location shifts between models relative to the degree of uncertainty for the location with any particular model. In order to give maximum flexibility with different measures of residual misfit a directed search procedure was adopted. This fully non-linear scheme for minimizing a measure C of the residual misfit between observed and calculated traveltimes avoids any requirement for differentiation of the traveltime field. The method used was adapted from the work of Sambridge & Kennett (1986) and is based on the use of nested grid searches starting from a very coarse initial set of bounds on the hypocentre location. The 4-vector corresponding to the minimum residual misfit function (C,,,) on the current grid is used as the centre point for a new grid. If the minimum lies inside the current grid frame, a new grid is constructed about the grid point corresponding to C,,, such that the entire new grid fits within a current cell size. A satisfactory choice has proved to be a grid which is 0.7 of the current cell size for latitude and longitude and 0.9 for depth and time. When the minimum of the residual misfit is found on the edge of the current grid the grid size is not reduced as quickly and the new grid is constructed to occupy the same 4-volume as a single cell of the current grid. The approach used has some similarity to the work of Prugger & Gendzwill (1988) who use a grid search routine with an enclosing polygon based on the simplex technique, in a study of local events in a mining environment.
We can exploit the separation of temporal and spatial components in the calculation. The theoretical times at the set of seismographic stations can be constructed for a grid of spatial locations and then combined with estimates of the origin time for comparison with the observed times. We have used a simple grid search in arrival time as well as the spatial coordinates but, in principle, a more sophisticated optimization scheme could be employed at this stage. The traveltimes for each of the velocity models are constructed from tau-tables (Buland & Chapman 1983) as employed by Kennett & Engdahl (1991) and times can be rapidly computed for a wide range of phases. Ellipticity corrections were included using the tables of Kennett (1991) for the imp91 model.
The initial search for the minimum of the residual misfit function C has been performed on a 7 X 7 X 7 spatial and seven point temporal grid spanning a fairly coarse estimate of bounds on the location. In subsequent stages, t o refine the estimate, a 5 X 5 X 5 spatial and five point temporal grid has been used. The grid search is terminated when the bounds on the location have been reduced below prescribed limits. A quadratic interpolation is then performed on the residual misfit function C over a 3 X 3 x 3 X 3 grid around the best grid value to try to refine the estimate of the location. If the residual statistic C is reduced the interpolated value is adopted, otherwise the grid point is used.
In all search type methods of optimization it is possible for the solution to be trapped into a local rather than a global minimum. We can test for such an occurrence by starting with different starting bounds, the quadratic interpolation procedure can also provide very useful information on the behaviour of the misfit function in the neighbourhood of the proposed location. Because we are using a finite difference description for the second derivatives in the quadratic interpolation procedure we avoid very small-scale effects, but can still be misled in circumstances where the changes in the misfit function due to variations in one of the hypocentral parameters is very small (as can happen for example with depth).
Three different measures of the fit between observed and estimated arrival times have been used in this study. These are:
(i) a least-squares criterion (L2) appropriate to the assumption of Gaussian statistics for residuals;
(ii) a maximum likelihood estimator of the type suggested by Jeffreys (1932) which down-weights the influence of large residuals, which was found particularly effective for local earthquakes by Sambridge & Kennett (1986) ; and (iii) a sum of absolute values of residuals (Ll) which would correspond to an exponential distribution for the residual statistics. Buland (1986) has developed an empirical description of the teleseismic residual pattern from the locations performed by the National Earthquake Information Center and has found a pattern which is well removed from Gaussian. We can therefore expect that a straight least-squares criterion will be of limited utility and that the more robust estimators which downplay the role of large residuals will be of greater utility.
For an observed arrival time to, at the ith station and corresponding theoretical time tc,, and resulting residual r, = toi -tci with estimated error in arrival time a,, the specific forms used for the misfit functions are as follows. there is no difficulty in incorporating many different types of seismic phases or varying the phase combinations for different location estimates. The approach to the assignment of a location using this scheme can be illustrated by looking at the movement of the 4-vector describing the progressive estimates of the location based on the minimum of C on the current grid. In Fig. 3 we consider an event to the south of the Marianas which has two local stations and a good spread of stations from 18" t o 93", and show the successive location estimates (indicated by numbers) based on the least-squares misfit criterion for the imp91 model. We display the 4-vectors for the location using a 3-D grid and a time line for the origin time relative to the ISC location for the event (see Table 2 ). With an initial coarse grid spanning 2" in latitude and longitude, 60 km in depth and 12 s in origin time centred on the ISC location, the first estimate is just a little deeper than the ISC solution with a 2 s shift in origin time. As the grid is refined the location moves deeper by 4.75 km with a further 1 s delay in the origin time. At the next stage the principal effect is a spatial shift of the order of 9 k m to the In this case the trajectory of the location from the starting point to the final point was relatively direct but this is not always the case. For example for the L1 statistic for the same event south of the Marianas the convergence process involves a translation of nearly 18 km to the north and the first level of grid refinement and then 9 km back towards the least-squares solution at the next stage. The final solution in this case lies within 2 km in all spatial coordinates of the L2 statistic solution but is advanced by 0.75 s in origin time because the influence of a number of late arrival times have been reduced.
For each of the styles of the misfit functions it is possible to make an estimate of the confidence region for the solution based on the behaviour of the statistic in the immediate neighbourhood of the proposed solution as was done, for example, by Sambridge & Kennett (1986) . However, in many cases, the differences between the locations determined using the different location criteria are sufficiently large as to cast doubt on the usefulness of such formal error estimates. In many ways an ensemble of locations based on different location criteria gives the best indication of the reliability of an individual solution.
SOME OCEANIC EVENTS
A number of oceanic events were selected from the Bulletins of the International Seismological Centre from a period of a few months in 1986, these events were chosen to represented both well-and poorly constrained data sets from a number of seismic source zones in the western Pacific with different degrees of constraint from stations at regional distances. The ISC locations for the events and the event parameters are presented in Table 2 . Many of the seismological stations were common to the different events.
The first two events we will consider are in the Tonga-Kermadec subduction zone with depths in the range for which the pac91 model differs significantly from iasp91. Both events were of similar size (see Table 2 ) and were well recorded at teleseismic distances, local control is potentially provided by stations on Western Samoa and Fiji but there is then a large gap with the next stations at 17" or more in Vanuatu and the Cook Islands. Reasonable coverage is then provided out to 90" and beyond, but there are almost no readings in the large azimuth sweep occupied by the Pacific Ocean until stations in the USA are registered at 70" or more. Large residuals are common for ISC solutions at the nearby stations and, whatever velocity model is used, these stations have a profound influence on any location generated using an L2 misfit function. For each event, the use of an L2 misfit led to locations for both the imp91 and pac91 models offset by at least 8 km from the ISC result and significantly deeper. This arises from an attempt to match the slow times from some of the Fijian stations, where the propagation path lies in the low-velocity wedge above the subduction zone. With the more robust measures of misfit (Jeffreys, L1) the depth estimates are closer to the ISC value and the horizontal offsets are reduced. The slightly faster pac91 model leads to deeper location estimates and later origin times than for the imp91 model with the corresponding misfit functions. However, the differences between the location estimates for the same model, with even the more robust misfit functions, exceed the differences between the same case for the different models (see Fig. 4 in which the 4-vectors of location estimates are displayed relative to the ISC solution).
If we take the L1-estimator for pac91 as a conservative estimate of the location, we find that for the shallower event (86 iv 15, ISC depth 60 km) the depth estimate of 84 km coincides with that determined by the Harvard group using Centroid Moment Tensor (CMT) analysis. For the deeper event (86 iv 25) the location is displaced 10 km deeper than ISC to 124 km compared with a Harvard CMT solution of 140 km (we should note that the CMT solution is model dependent but does have waveform constraints on depth included). The pac91 locations are also much closer to the depth estimates obtained by ISC using a limited number of p P -P times ( p P was not included in this grid search procedure because of possible phase identification problems). Even so, the pac91 locations give very slightly larger values of the misfit statistics than their counterparts for iasp 91.
When the ISC identified p P phases are added to the data set we can use the grid search procedure once again with the augmented phase list. With the L1 misfit function, the depth estimates with p P phases included move to 124km for imp91 and 140 km for pac91, with a shift in epicentre to the south and east slightly beyond the L1 estimate for pac91 in Fig. 4 . With this addition the depth from p a 9 1 is brought into concordance with the Harvard CMT solution, but we should note that p P is only available for a group of stations in the western US, which may well impose bias on the results.
The differences between different location estimates for the Tonga events is very much larger than for the other events we have investigated for which the azimuthal distribution of stations is less unfavourable (compare Fig. 4 with Figs 5 and 6). For Tongan events the presence of the Pacific Ocean to the west and the Southern Ocean to the south eliminates a very large azimuthal sector for teleseismic P recording.
For events in the Marianas region there is local control from the station on Guam, but then the next group of stations lies in the Philippines beyond 17". For such events the main effects come from the small differences in teleseismic times between the imp91 and pac91 models. For the best constrained event (86 iii 11) the differences between the different location estimates for a single model are less than 2 km both horizontally and in depth, and only 6 km separates the depth estimates for the imp91 and pac91 models. The stability of the solution estimates deteriorates with fewer readings and is of the order of 4 km horizontally and in depth for the event of 86 iv 15 to the south of the Marianas. When the station coverage is very limited, as for example the event of 86 vi 05 in the Marianas, it is still possible to obtain location estimates but there may be significant differences between results for the different models. For the imp91 model the depths are close to the constrained depth of 33 km employed by ISC, but for pac91 the depth estimate is consistent at 54 km from the three different misfit criteria with about a 5 km span in horizontal location. These differences can be attributed to the influence of increased velocity in the upper part of the pac91 model. For all the Marianas events the misfit levels have been systematically lower with the pac91 model. For events along the arc of seismicity through Indonesia there are many more stations at regional distances, and coverage is generally quite good for events of magnitude 5 and above. Smaller events are often recorded clearly in Australia with only limited local coverage. The different location estimates for the Flores event of 86 iv 28 are illustrated in Fig. 5 , using the same conventions as in Fig. 4 . The location estimates for the different models and misfit functions are quite consistent but require the depth for the event to be about 30 km shallower than in the ISC solution. Paths into stations in northern and western Australia are faster than predicted by either imp91 or pac91 and these contribute significantly to the misfit measures (the residuals are less than for the ISC location). The strong attenuation of outliers in the application of the method of uniform reduction by the International Seismological Centre will stabilize the location at the expense of assigning very low weight to a number of the readings which potentially have the strongest constraint on the depth of the event.
A major benefit of the directed grid search procedure is that it allows depth estimates to be made for events for which constrained-depth solutions have previously been provided. Such a process can be aided if additional phases are included. For the event of 86 iv 13, south of Sumbawa, in Indonesia a limited number of S readings were available and these were used in combination with the P readings to help constrain the location. The resulting estimates are illustrated in Fig. 6 . In this case the location estimates using the Jeffreys form of misfit criterion appear to have been attracted into a local minimum state, and we see the advantages to be gained by examining multiple location criteria. Even though the paths for S to Australian stations are rather fast, the inclusion of the S data leads to greater consistency among the location estimates between the imp91 and pac91 models. Without the S information the depth estimate using the L2 misfit function is 8 km for imp91 and 39 km for pac91.
DISCUSSION
From the comparison of the results for the imp91 and pac91 earth models it would appear that for those regions which are purely oceanic there is merit in employing a set of traveltimes geared to oceanic events recorded at continental stations. For Tonga the main gain from using the pac91 times is an improved set of depth estimates which are most consistent with independent measures such as pP-P and the Harvard Centroid Moment tensor results even though a comparable level of fit is achieved with each model. For the Marianas region where there are few regional stations better levels of fit are achieved with the pac91 times. For oceanic marginal regions such as the Indonesian arc the choice of traveltime set is much less straightforward. It is probably simplest to employ the 'continental' model imp91 but also to include additional phases where possible in order to improve depth constraints.
The use of the directed grid search method has meant that we have been able to compare estimates of the location for each event using different measures for the misfit between the observed and theoretical arrival times. Since the differences between location estimates based on different misfit criteria can be comparable to the differences between different sets of traveltime curves, we have to regard the ensemble of estimates for a given event as providing the best measure we have of the accuracy of location. Formal error estimates, e.g. confidence ellipses, based on a particular misfit criterion are of value in assessing the level of consistency between the different location estimates but have to be treated somewhat warily, since they are very model dependent.
